Although human umbilical cord mesenchymal stromal cells (hUCMSCs) have been shown to differentiate along an osteogenic lineage in monolayer culture, the potential of these cells has seldom before been investigated in three-dimensional scaffolds for bone tissue engineering applications. In this 6-week study, we observed osteogenic differentiation of hUCMSCs on polyglycolic acid (PGA) nonwoven mesh scaffolds, and compared seeding densities for potential use in bone tissue engineering. Cells were seeded into PGA meshes with densities of 5, 25, or 50Â10
Introduction
A utologous bone grafts are currently the most common clinical treatment of critical-sized bone defects. 1 However, there remain several drawbacks that limit their application, including limited availability, invasive bone tissue harvesting, and donor-site morbidity. 1, 2 Bone tissue engineering, which aims to restore the biological and mechanical function of diseased and damaged bone, holds the greatest promise for future clinical practice. 3, 4 This approach integrates cells, bioactive molecules, and biocompatible scaffolds for direct implantation to facilitate bone regeneration in vivo or to create a replacement in vitro for implantation. Bone-marrow-derived mesenchymal stem cells (BMSCs) have been extensively investigated as a cell source for bone tissue engineering. 5 However, the available cell number of BMSCs in bone marrow and their differentiation potential decreases significantly with age. 6, 7 Moreover, the harvesting procedure is painful and invasive, and may lead to complications and morbidity. 8 Recently, human umbilical cord mesenchymal stromal cells (hUCMSCs) have been explored as a promising cell source for tissue engineering and regenerative medicine. 9 UCMSCs are extracted through enzyme digestion from Wharton's jelly of umbilical cords, 10, 11 which yields 10-50Â10 3 cells per cm of cord, 12 corresponding to approximately 2-10Â10 5 primary cells per cord. hUCMSCs express classic surface markers identified in BMSCs, including CD29, CD44, CD90, CD105, and CD166 13, 14 and markers found in embryonic stem cells, including Oct-4, Nanog, and Sox-2 transcription factors. 15 With exogenous signals such as dexamethasone 13, [16] [17] [18] or osteoinductive biomaterials such as demineralized bone matrix, 19 hUCMSCs have been shown to differentiate along the osteogenic lineage, confirmed by positive von Kossa staining, 13, [16] [17] [18] Alizarin red staining, 13 alkaline phosphatase (ALP) activity, 13, [16] [17] [18] [19] osteopontin (OPN) gene upregulation, 16, 18 and bone-related proteins such as OPN, osteonectin, osteocalcin (OCN), and bone sialoprotein-2. 13 Their osteogenic ability accompanied by numerous other advantages over human BMSCs (hBMSCs) indicates that hUCMSCs may be a promising candidate as a stem cell source for bone tissue engineering.
Osteogenic differentiation of hUCMSCs in threedimensional (3D) scaffolds in vitro is scarcely explored in the literature with only three studies [20] [21] [22] using different materials. The studies by Schneider et al. 20 and Zhang et al.
differentiation were investigated using poly(L-lactic acid) (PLLA) scaffolds. These 3D studies are a significant leap forward from differentiation studies in monolayer culture. In a 3D environment, many parameters, such as the biocompatibility of materials, diffusion parameters, and cell seeding methods, are known to affect cell differentiation and proliferation and extracellular matrix (ECM) synthesis. 23 In the current study, we focused on the effects of initial cell seeding density on hUCMSC differentiation using polyglycolic acid (PGA), a nonosteoinductive material approved for various applications by the FDA. We have recently shown in a chondrogenic application of hUCMSCs that a seeding density above 25Â10 6 cells=mL was optimal. 12 In another study, a low cell seeding density resulted in a low seeding efficiency in a poly(lactic-co-glycolic acid) scaffold and delayed in vivo mineralization. 24 Further, in collagen scaffolds, high seeding densities of hBMSCs augmented scaffold contraction 25 and a specific range of seeding densities (3-30Â10 6 cells=mL) enhanced osteoblastic differentiation of an osteosarcoma cell line. 23 The present study thus aimed to investigate how the seeding density of hUCMSCs affected their osteogenic differentiation and subsequent matrix production in a 3D environment. The hypothesis for this study was that a higher seeding density would result in enhanced osteogenic differentiation with an increase in bone-related matrix synthesis.
Materials and Methods

Cell harvest
Human umbilical cord collection and cell harvests were approved by the University of Kansas Human Subject Committee (KU-Lawrence IRB approval no. 15402 and KU Medical Center IRB approval no. 10951). All cords were collected from the University of Kansas Medical Center and processed within 24 h. Cells obtained from one cord (female, *26 cm in length) was used to examine the effects of different cell densities on osteogenic differentiation, and then cells from four different umbilical cords (two male and two female, *20 cm each) were pooled to evaluate osteogenic differentiation at a gene expression level using the cell density that resulted in the largest amount of bone-related matrix among the three tested densities. Our preliminary studies revealed that cells harvested from different cords (>50 cords) consistently shared a similar expression profile of surface antigens. They were positive for typical MSC markers such as CD73, CD90, and CD105, and were negative for hematopoietic markers such as CD34 and CD45. After cord collection, cords were first cut into 3-5 cm pieces, and then vessels were removed from each cord segment. Cord segments were minced and incubated in 0.75 mg=mL type II collagenase (298 U=mg; Worthington Biochemical, Lakewood, NJ) at 378C. After a 5-h incubation, a homogenous gelatinous solution was obtained and diluted (1:8) in sterile phosphate-buffered saline. The solution was centrifuged, the supernatant was discarded, and cells were resuspended in a complete culture medium consisting of low-glucose Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA), 10% MSC-qualified fetal bovine serum (StemCell Technologies, Vancouver, Canada), and 1% penicillin= streptomycin (Invitrogen). Cells were plated in cell culture flasks at 8000 cells=cm 2 (P0 cells) and fed every 2 to 3 days. When cells had reached 80%-90% confluency, they were detached by 1Âtrypsin (Invitrogen) and resuspended at a density of 1Â10 6 cells per mL freezing medium, composed of 90% fetal bovine serum and 10% dimethyl sulfoxide (Fisher Scientific, Pittsburgh, PA). The cell suspension was transferred into cryotubes (Nalgene Labware, Rochester, NY), which were stored in Mr. Frosty freezing containers (Nalgene Labware) at À808C overnight, and transferred to a liquid nitrogen cryogenic storage system at À1968C for future use.
Cell culture and seeding
Cells were thawed and expanded to P4 in the complete medium. Nonwoven PGA meshes (50 mg=cc; > 95% porosity; Synthecon, Houston, TX) were punched into 96 cylinder-shape scaffolds with a 5 mm diameter and 2 mm thickness, and then sterilized with ethylene oxide. After sterilization, the scaffolds were aired under a fume hood for 1 day, and then wetted with sterile filtered ethanol and two washes of sterile phosphate-buffered saline. The scaffolds were then soaked in the complete medium in 24-well plates for 1 day and then removed for cell seeding. P4 hUCMSCs were seeded at 5 (low), 25 (medium), and 50 (high)Â10
6 cells per mL of scaffold. In brief, 400 mL of the medium was used to resuspend 19.0Â10 3 
, 982Â10
3 , or 1.96Â10 6 cells, resulting in cell densities of 5, 25, or 50 M cells=mL in the scaffolds. The cell solution was then transferred to well plates and pipetted 10 times through the scaffolds. Well plates were then set on orbital shakers at 150 rpm for 24 h. In the medium-and highdensity groups, this small amount of medium containing a large amount of cells yielded a highly concentrated cell solution, which caused the formation of several cell clusters in the medium, some of which attached lightly to the peripheral area of PGA scaffolds and detached from the edge when the medium was changed. After the first 8 h, 400 mL of the medium was added. After the 24 h orbital shaking period, cells were allowed to attach statically in the culture medium for another day. Finally, the complete medium was replaced by 2 mL of the osteogenic medium, which was the complete medium plus 100 nM dexamethasone (Sigma, St. Louis, MO), 10 mM b-glycerophosphate (Sigma), 50 mg=mL ascorbic acid 2-phosphate (Sigma), and 10 nM 1a,25-dihydroxyvitamin D3 (Biomol International, Plymouth Meeting, PA). This time point was recorded as week 0. About 1.5 mL of the medium was changed every other day for 6 weeks. At weeks 3 and 6, separate groups of constructs were analyzed for hydroxyproline (HYP) content, ALP, calcium content, and histological analysis. Hydroxyproline content was also measured at week 0 to demonstrate minimal initial differences in matrix content between groups.
DNA and HYP content
Constructs (n ¼ 4) were homogenized in 1.2 mL papain solution (120 mg=mL) using a tissue homogenizer (Omni International, Marietta, GA), and incubated in this solution at 608C overnight, before storing at À208C for future biochemical assays. The DNA content was determined by using a PicoGreen kit (Invitrogen) according to the manufacturer's protocol. A conversion factor of 8.5 pg DNA=cell was determined in preliminary studies and used to convert DNA content to cell number. HYP content was determined by using a HYP assay as described previously. 26 Briefly, each sample was hydrolyzed with sodium hydroxide, neutralized with hydrochloric acid, and then titrated to a pH range from 6.5 to 7.0. This solution was combined with chloramine-T buffer and p-dimethylaminobenzaldehyde in perchloric acid and read spectrophotometrically at 550 nm. A conversion factor of 11.5 can be used to convert HYP mass to collagen mass, based on our preliminary studies.
ALP activity
Constructs (n ¼ 4) were homogenized in 500 mL of 0.2% Triton X-100 (Sigma) and lysed twice using freeze-thaw cycles. The lysate was used to determine ALP following a previously described method. 27 In brief, 20 mL of lysate was combined with 80 mL of 1.5 M 2-amino-2-methyl-1-propanol (Sigma) buffer (pH 10.3) containing 5 mM p-nitrophenol phosphate substrate (Sigma). For the standard curve, serial dilutions of 0-20 nM p-nitrophenol (Sigma) were made in triton solution. The reaction was stopped by adding 100 mL of 0.5 M NaOH. The solution was then read spectrophotometrically at 405 nm. ALP activity was normalized to total DNA content.
Calcium content
Constructs (n ¼ 4) were homogenized, suspended in 1 N acetic acid overnight, and stored at À208C for future assays. An ortho-cresolphthalein complexone (OCPC) method was used to measure calcium content as described previously. 28 The OCPC solution consisted of 1 mg=mL OCPC in a buffer including 0.0063 N KOH and 0.0031 N acetic acid. The working solution contained 0.05 mg=mL OCPC solution, 0.74 M ethanolamine=boric acid buffer (pH 11), and 2% 8-hydroxyquinoline (5 g in 100 mL of 95% ethanol). About 0-100 mg=mL CaCl 2 solution (Sigma) was used as the standard. A solution including 50 mL of culture sample and 250 mL of working solution was incubated for 10 min at room temperature and then read spectrophotometrically at 575 nm.
Histology
Samples were embedded in an OCT compound (TissueTek, Torrance, CA) and frozen sections (10 mm) (n ¼ 2) were cut using a cryostat (Micron HM-550 OMP, Vista, CA). For the von Kossa stain, sections were incubated with 1% silver nitrate solution in a clear plastic Coplin jar, placed under ultraviolet light for 20 min, and then rinsed in ultrapure water. In addition, hematoxylin stains were performed with hematoxylin-QS from Vector Laboratories (Burlingame, CA). Finally, all slides were dehydrated with graded alcohol (95% and 100% twice each) and mounted.
Osteogenic gene expression analysis
Gene expression was monitored during the crucial early period of osteogenic differentiation at 1 week time points to evaluate cell phenotype during this period. Expression of genes of osteogenic differentiation was determined using a seeding density of 50Â10 6 cells per mL. A total of 32 scaffolds were seeded as described above, and after the seeding period, half of them continued in the complete medium and the other half were cultured in the aforementioned osteogenic medium. Four scaffolds from each group were harvested at time points of 0, 1, 2, and 3 weeks. Total RNA extraction was conducted using Trizol reagent (Invitrogen) following the manufacturer's instructions (n ¼ 4). The reverse transcription from mRNA to cDNA was achieved using a High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA) following the supplier's procedure. A real-time polymerase chain reaction was used for gene expression of CI, runtrelated transcription factor 2 (RUNX2), OCN, and OPN using
, seeding efficiency (B) (n ¼ 4), and DNA content per construct (C) (n ¼ 4). Decreases in DNA content and construct volume were generally observed over time. *Statistically significant difference ( p < 0.05) from the low-density group (5 M). @ Statistically significant difference between weeks 3 and 6. The symbols in top brackets represent significant differences between the different density groups throughout the whole culture period. V, the scaffold volume; V 0 , the scaffold volume at week 0. Error bars represent standard deviations. A conversion factor of 8.5 pg DNA=cell can be used to convert DNA content to cell number.
TaqMan gene expression assay kits (Applied Biosystems) in an Applied Biosystems 7500 Fast System. The kits were Hs00164004_m1 for CI, Hs00231692_m1for RUNX2, Hs01587813_g1 for OCN, Hs00167093_m1 for OPN, and Hs99999905_m1 for glyceraldehyde 3-phosphate dehydrogenase. A 2
ÀDDCt method was used to evaluate the relative level for each target gene. 29 
Statistical analysis
All data were expressed as means AE one standard deviation, and analyzed by analysis of variance followed by Tukey's Honestly Significant Difference post hoc tests. Two-way analysis of variances with interaction was used to determine whether there were differences among either time-points or seeding densities. A statistical threshold of p < 0.05 was used to indicate whether there were statistical significances among different groups.
Results
Scaffold morphology and DNA content
The shape of the scaffolds changed from cylindrical at week 0 to spherical at weeks 3 and 6. Scaffold volume decreased in all groups over the course of the 6-week period, with higher-density groups being larger than lower-density groups ( Fig. 1A and Table 1 ). There were significant differences among the seeding efficiencies (defined as the ratio of the DNA content of attached cells to the DNA content of seeded cells), with 84.7 AE 8.1% at the low density, 55.1 AE 2.1% at the medium density, and 34.2 AE 5.8% at the high density ( p < 0.05) (Fig. 1B) . On the whole, the DNA content decreased with time ( p < 0.05) throughout the culture period (Fig. 1C) . The higher-density groups had more DNA than the lower-density groups (5 < 25 < 50 M) ( p < 0.05) (Fig. 1C and Table 1 ). The low-density group maintained the DNA content over the 6-week culture time, the medium-density group deceased in DNA content only from weeks 0 to 3 ( p < 0.05), and the high-density group decreased in DNA content at both weeks 3 and 6 ( p < 0.05). At week 6, the high-density group (4.0 AE 1.4 mg) had more DNA than the low-density group (1.41 AE 0.15 mg) ( p < 0.05) and had no significant difference from the medium-density group (3.0 AE 1.2 mg). With the drastic drop in the volume of the low-density group, the cellularity (DNA per volume) in the medium and highdensity groups was significantly lower than that in the lowdensity group at week 6 ( p < 0.05). There was no significant difference in cellularity between the medium and highdensity groups.
HYP content
The higher-density group maintained a higher HYP content per construct during the 6-week culture period (5 < 25 < 50 M) ( p < 0.05) ( Fig. 2A and Table 1 ). The highdensity group had 2.3 and 17 times more HYP per construct than the low-density group at weeks 3 and 6 ( p < 0.05), respectively, whereas there was no significant difference between the low-density and medium-density groups at weeks 3 and 6. In the high-density group, the HYP content per construct was 3.0 and 3.6 times higher at weeks 3 and 6 than at week 0 ( p < 0.05), respectively. With regard to HYP content per unit DNA, the high-density group had significantly higher content than the low-density group ( p < 0.05), whereas no significant difference was detected between the medium and high-density groups (Fig. 2B) . At week 6, the medium and high-density groups had 6.4 and 9.0 times more HYP per unit DNA, respectively, than the low-density group ( p < 0.05). Both the medium and high-density groups had more HYP per unit DNA at week 6 than at week 0 ( p < 0.05), whereas there were no significant differences between weeks 3 and 6. In the low-density group, the highest HYP content per construct and per unit DNA was observed at week 3, although there were no significant differences among weeks 0, 3, and 6.
ALP activity
The higher-density groups had a higher level of ALP activity (measured on a per DNA basis) than the lower-density groups (5 < 25 < 50 M) ( p < 0.05) (Fig. 3 and Table 1 ). At week 6, the medium (6.5 AE 1.2 nmol=h=DNA) and highdensity groups (7.28 AE 0.76 nmol=h=DNA) had 38.1% ( p > 0.05) and 53.9% ( p < 0.05) higher ALP activity than the low-density group (4.7 AE 1.2 nmol=h=DNA), respectively. From weeks 3 to 6, ALP activities increased for all three groups, although these differences were not statistically significant.
Calcium content and histology
In general, the higher-density constructs had higher calcium content both per construct ( Fig. 4A and Table 1 ) and per unit DNA (Fig. 4B ) than at a lower density ( p < 0.05) (5 < 25 < 50 M). Only a small amount of calcium (less than 4 mg per construct and 3 mg=mg DNA) was detected in the low-density group. Both the medium and high-density groups at week 6 had 2.9 times more calcium per construct than at week 3 ( p < 0.05). Calcium contents per unit DNA in the medium-and high-density groups at week 6 were 3.7 and 4.4 times higher than at week 3 ( p < 0.05), respectively. The low-density group maintained its calcium content at a low level between weeks 3 and 6, both per construct and per unit DNA. von Kossa staining suggested that mineralization increased with time and with seeding density (Fig. 5) , which was consistent with calcium quantification. Hematoxylin staining demonstrated that the cellularity (i.e., cell density, the cells per area) in all groups increased from weeks 3 to 6, and that the low-density group had a higher cellularity than the medium-and high-density groups at week 6 (Fig. 6) .
FIG. 3.
Alkaline phosphatase (ALP) activity at weeks 3 and 6 (n ¼ 4). Higher-density groups had higher ALP activity per unit DNA. *Statistically significant difference ( p < 0.05) from the low-density group (5 M).
# Statistically significant difference between the medium-density (25 M) and high-density (50 M) groups. The symbols in top brackets represent significant differences between the different density groups throughout the whole culture period. Error bars represent standard deviations.
FIG. 4. Calcium content per construct (A) and per unit DNA (B)
at weeks 3 and 6 (n ¼ 4). Higher-density groups had more calcium per construct and per unit DNA. *Statistically significant difference ( p < 0.05) from the low-density group (5 M). # Statistically significant difference between the medium-density (25 M) and high-density (50 M) groups. @ Statistically significant difference between weeks 3 and 6. The symbols in top brackets represent significant differences between the different density groups throughout the whole culture period. Error bars represent standard deviations.
Osteogenic gene expression
Compared to week 0, all genes in both osteogenic and control groups, except OPN, were upregulated during at least one time point, whereas OPN gene expression decreased after 3 weeks ( p < 0.05) (Fig. 7) . Compared to the control groups, RUNX2 gene expression in the osteogenic groups had a higher level over 3 weeks, and OCN gene expression had a higher level at week 2 but had a lower level at week 3 ( p < 0.05). No significant difference in CI and OPN gene expression was observed between the osteogenic and control groups throughout the culture period. Specifically, CI gene expression in both osteogenic and control groups increased during the first 2 weeks by up to 11 times and then decreased by a factor of 3.1 in the osteogenic groups and 6.2 in the control groups from weeks 2 to 3 ( p < 0.05). Despite this drop in the osteogenic groups, CI gene expression at week 3 was still 3.8 times higher than at week 0 ( p < 0.05). There was no significant difference in CI gene expression between the osteogenic and control groups. RUNX2 gene expression in the osteogenic groups continued to increase in the first 2 weeks ( p < 0.05) and was then maintained at a same level from week 2 to 3, with an expression level 7.4 times higher than at week 0 ( p < 0.05), whereas the increase of RUNX2 gene expression in the control groups happened mainly in the last 2 weeks ending with 5.1 times higher than at week 0 ( p < 0.05). Despite the increase of RUNX2 gene expression in both osteogenic and control groups, the osteogenic groups had a higher expression level than the control groups at each time point except week 0 ( p < 0.05). Regarding OCN gene expression, in the osteogenic groups, there was no significant change in the first week, although there was an increase at week 2 by a factor of 2.8 ( p < 0.05), and finally a drop at week 3 to a level not significantly different from week 0. OCN gene expression in the control groups increased only at week 3 to a level 2.7 times higher than at week 0 ( p < 0.05). In the comparison between the osteogenic and control groups, the osteogenic groups had an OCN gene expression level 2.3 times higher than the control groups at week 2 ( p < 0.05), whereas the control groups had an OCN gene expression level 3.2 times higher than the osteogenic groups at week 3 ( p < 0.05). OPN gene expression in both osteogenic and control groups decreased mainly in the first week, dropping 76% in the osteogenic groups and 90% in the osteogenic groups ( p < 0.05), and remained at that lower level for the following 2 weeks. There was no signifi- 
Discussion
In this decade, there has been an increasing interest in new cell sources for tissue engineering and regenerative medicine. MSCs with multilineage potential have been identified in various tissues, including bone marrow, 30 adipose tissue, 31 blood, 32, 33 synovial fluid, 34 dermis, 35 muscle, 36 dental pulp, 37 and umbilical cord stroma. 14 In the present study, we demonstrated that hUCMSCs harvested from umbilical cord stroma were capable of osteogenic differentiation in vitro in a 3D biomaterial-based environment, based on evidence of early markers of osteoblast differentiation. Specifically, biochemical assays and histological staining revealed positive ALP activity with hUCMSCs in the osteogenic medium, and the deposition calcium and phosphate groups throughout the constructs. We also showed that a higher seeding density promoted osteogenic differentiation and increased matrix production by hUCMSCs in PGA scaffolds. These results validated our hypothesis that a higher hUCMSC density results in better osteogenic differentiation and more matrix biosynthesis than lower densities. Although only one donor cord was used in the density study to reduce the number of human subjects required, the results are consistent with a previous study 22 and our preliminary studies in terms of calcium per DNA (50-300 mg=mg). In previous chondrogenic studies using hUCMSCs from different cords, we also observed similar results in terms of glycosaminoglycan and HYP content and immunohistochemical staining with collagen I, collagen II, and aggrecan. Thus, donor variability has not been an issue in our experience to this point, and we expect our results are indicative of results with hUCMSCs in general. However, we do recognize the value of pooling hUCMSCs from different donors for future in vitro studies, and also pooled cells from four different cords for the gene expression profiles in the current study.
hUCMSCs are a promising cell source for tissue engineering for numerous compelling reasons. 10 First, hUCMSCs are developmentally primitive cells that have been shown to differentiate along mesenchymal lineages and cross into the ectodermal germ layer with neural differentiation.
13,14,16-18,38-45 Second, umbilical cords are in abundant   FIG. 6 . Hematoxylin staining. The cellularity (i.e., the number of cells per unit area) increased with time. The low-density group had a higher cellularity than the mediumand high-density groups at week 6. The scale bar is 40 mm. 5 M, 25 M, and 50 M refer to the low-, medium-, and high-density groups, respectively. Color images available online at www .liebertonline.com=ten.
supply and easily accessible, as there is a virtually endless supply of umbilical cords with 4.1 million births in the United States alone in 2005. 46 Therefore, these cells have practical advantages over both embryonic stem cells and BMSCs. Third, after cell harvesting, hUCMSCs can be expanded 300-fold for over seven passages without the loss of differentiation potential. 13 The rapid proliferation rate and availability make it possible to obtain a large amount of cells in a short time (orders of magnitude faster than BMSCs). Fourth, there is no donor-site morbidity and there are no sensitive political issues. hUCMSCs can be frozen at birth (as is commonly done with cord blood) as an autologous cell source. Fifth, as an allogeneic source, several studies have supported their immunocompatibility and even immunosuppressive nature of hUCMSCs. 14, 41, 47, 48 In fact, Weiss and colleagues 14, 47, 49 have demonstrated that UCMSCs survived in the extreme case of xenotransplantation, with no evidence of a host immune response for up to 12 weeks. All of these characteristics make hUCMSCs a suitable, attractive, and potentially preferred cell source for tissue engineering. However, the application of hUCMSCs for tissue engineering is virtually unexplored with only a few studies conducted in the past 3 years, some of which have focused on cardiovascular tissue engineering. [50] [51] [52] [53] [54] [55] Our group has focused on the application of hUCMSCs in cartilage 12, 38, 56, 57 and now bone tissue engineering (this study).
In this study, different seeding densities led to noticeable differences in seeding efficiency. The lower seeding efficiency at higher density was explained by cell aggregation (the formation of cell clusters) in the medium during the initial seeding period. We have improved the seeding efficiency at high densities by pipetting the cell solution in 2-h intervals for 8 h to prevent the formation of cell clusters for the future studies. Nonetheless, the higher-density groups had more DNA (thus, more cells) after seeding and maintained the higher DNA contents compared to the lower-density groups over the duration of the culture period. The DNA content decreased over time in the medium and high-density groups. There are several possible explanations for this reduction. First, dexamethasone is known to inhibit cell proliferation. Second, the degradation rate of PGA scaffolds was faster than the rate of matrix production, leading to a decrease in volume over time (the contraction of scaffolds). During the contraction, many cells and PGA debris fell into the medium, which was observed under a microscope. This cell loss due to degradation has been observed in other studies with PGA scaffolds in cartilage tissue engineering 12, 56 and with collagen scaffolds in bone tissue engineering. 58 The DNA content
FIG. 7.
Gene expression analysis during osteogenic differentiation (n ¼ 4). All genes in both osteogenic (Osteo) and control groups, except OPN, were upregulated during at least one time point compared to week 0, whereas OPN gene expression decreased after 3 weeks. Compared to the control groups, RUNX2 gene expression in the osteogenic groups had a higher level at each time point, and OCN gene expression had a higher level at week 2 but had a lower level at week 3. No significant difference in CI and OPN gene expression was observed between the osteogenic and control groups. *Statistically significant difference from week 0. # Statistically significant difference between weeks 1 and 2. @ Statistically significant difference between weeks 2 and 3.
& Statistically significant difference between the osteogenic and control groups. CI, type I collagen; OCN, osteocalcin; RUNX2, runt-related transcription factor; OPN, osteopontin.
in the low-density group was maintained over the culture period, although the scaffold experienced the most aggressive degradation in this group. We might speculate that the scaffold completely collapsed on itself with this group due to the insufficient cell number, essentially resembling a cell pellet that was able to rebound in cell number but not in construct volume in the allotted time frame. The high density of cells per area from the histology data (Fig. 6) is consistent with the higher ratio of DNA content to scaffold volume for this group. A scaffold with a slower degradation rate (e.g., PLLA or poly[lactic-co-glycolic acid]) might help to retain cells in scaffolds over a 6-week culture period, although a preculture period of less than 6 weeks may be more desirable for in vivo implantation. In fact, we have observed in our unpublished work that PLLA with hUCMSCs results in over 80% seeding efficiency and maintains its original shape in over 6 weeks of culture with hUCMSCs.
The formation of ECM and the osteogenic differentiation of hUCMSCs were clearly influenced by the initial seeding densities. The constructs in the higher-density groups had noticeably more HYP and calcium than the lower-density groups. More importantly, the higher-density groups also had more HYP and calcium content per unit DNA than the lower-density groups, indicating that the high density promoted ECM production for the average cell. Cell death (both necrosis and apoptosis) may exist during the course of osteogenic differentiation, which would result in the collection of calcium mineral intracellularly and pericellularly, which would then contribute to the measured calcium content. However, this study achieved similar values of calcium per unit DNA (100-200 mg=mg) as other osteogenic studies in 3D polyethylene glycol diacrylate hydrogels (*80 mg=mg) and collagen gels (*200 mg=mg). 58, 59 The cell viability assays can be used to clarify this issue in the future. In addition, the high calcium contents per unit DNA and ALP activities in the high-density group may suggest that high seeding density improved the osteogenic differentiation of hUCMSCs. It was unexpected that the ALP activity at week 6 was slightly higher than at week 3, since ALP is typically an earlier marker in osteogenic differentiation. However, there were no statistically significant differences between these two time points for the different seeding densities. Given that ALP activity is an early osteogenic indicator, 60 we anticipated that ALP activities of hUCMSCs before week 3 would be remarkably higher than the ALP level we reported here, which illustrates a need for further investigation of ALP activities over a greater number of time points.
Cell-cell interaction influences cell behavior and ECM synthesis in both 2D 61 and 3D 23 environments. In this study, cell densities were determined by the initial seeding density and scaffold volume. Throughout the 6 weeks of culture, the low-density group formed a dense pellet with highly packed cells in a small amount of ECM, indicating a high cellularity might hinder ECM synthesis. In contrast, the medium-and high-density groups with a lower cellularity had more active bone-related ECM synthesis as evidenced by the higher HYP and calcium content per unit DNA and higher ALP activities. In the future, it will be useful to determine the effects of hUCMSC cell density on osteogenic differentiation by using a more slowly degrading scaffold that provides a fixed volume.
To better understand the osteoblastic differentiation of hUCMSCs at the mRNA level, gene expression was investigated during the first 3 weeks using the highest seeding density. Osteoblastic differentiation is a progressive process associated with over 20 genes. 62 In this study, RUNX2, OCN, OPN, and CI were examined to evaluate the osteoblastic differentiation of hUCMSCs. The RUNX2 gene has been considered as a master gene required for osteoblastic differentiation at the early stage of differentiation. [63] [64] [65] In RUNX2-deficient mice, the skeleton was cartilaginous and nonmineralized as no osteoblasts were present. 66 The RUNX gene product binds to and regulates other genes such as OCN, CI, OPN, and bone sialoprotein, indicating that RUNX2 has a broader and sustained role in osteoblastic differentiation. 63 Indeed, we noticed a rise of RUNX2 gene expression in the first week, which was maintained at a higher level than the control groups over the culture period. In contrast to the RUNX2 gene, the OCN and OPN genes are mainly expressed by mature osteoblasts at the late stage of osteoblastic differentiation. 67 Expression of OCN and OPN genes has been shown to coincide with mineralization. 67 We did observe an increase of OCN during after the upregulation of the RUNX2 gene, while OPN gene expression decreased rapidly with time. Given that the OPN gene is not an osteogenic-specific gene and has been also identified in umbilical cord stroma itself, 14 it is possible that OPN gene expression level after the rapid decrease from week 0 in this study still fell in a similar range to osteoblasts and other MSCs. This necessitates further comparative studies between UCMSCs and other cell types. In addition to the OCN and OPN genes, expression of CI gene was also shown to be important for osteoblast differentiation, matrix formation, 68 and mineralization of osteoblasts. 69 CI gene expression of hUCMSCs did increase with time during the 3-week culture, which coincided with the increase of HYP and the increase of RUNX2 gene expression. Therefore, the rise of RUNX2, OCN, and CI genes, combined with the increase of ALP activity and mineralization, indicates that hUCMSCs differentiated along an osteoblast-like lineage.
In summary, the osteogenic differentiation of hUCMSCs in a 3D biomaterial-based environment provides the foundation for future applications of this new cell source for bone tissue engineering. As we progress toward better osteogenic differentiation in the future, it will be crucial to not only examine gene expression, biosynthesis, and histology for osteogenic markers, but also evaluate the quality of mineralized tissue formation with methods such as transmission electron microscopy to determine whether actual bone-like tissue has been created. 70 A higher seeding density in PGA scaffolds is a critically important factor to promote ECM synthesis and osteogenic differentiation. Given the clear advantages of hUCMSCs discussed earlier, and their capacity for osteogenic differentiation shown here, we conclude that hUCMSCs may indeed be a highly desirable cell source for bone tissue engineering, and that a higher seeding density is desirable (25 million cells=mL or higher) in 3D PGA scaffolds. Following this initial proof of concept with hUCMSCs in a 3D in vitro bone tissue engineering application, the optimization of osteogenic culture environment, a comparison between hUCMSCs and hBMSCs=fibroblasts in a 3D environment, and the use of a scaffold with a slower degradation rate should be investigated in the future, with an in-depth analysis of the mineralization quality.
